Abstract: SiO 2 -Li 2 O-K 2 O-Al 2 O 3 -P 2 O 5 based lithium disilicate glass ceramic was prepared and fabricated into dental crowns. The influence of factors such as pre-crystallization temperature and fabrication technique on the phase formation and morphology of the glass ceramic was investigated. Differential thermal analysis (DTA), X-ray diffraction (XRD), scanning and transmission electron microscopies (SEM and TEM) were performed to determine the thermal properties, the phase formation and microstructure of the samples, respectively. The composition of lithium disilicate glass ceramic could be fabricated into dental crowns through the hot-pressing and CAD/CAM techniques. Similarities in phase formation have been revealed on the dental crown samples after fabrication by both methods. The dental crown samples fabricated by the CAD/CAM technique exhibited significantly finer needle-like crystals of lithium disilicate. The pre-cerammed ingots and fabrication technique have no significant change on the phase formation; however, they play important roles in changing the morphology of the samples in this study.
INTRODUCTION
Due to the increasing demand for more aesthetic appearances, all-ceramic restorations have become very popular over the last decade because they can fulfill biomechanical requirements and the enhanced esthetics demand [1] [2] [3] [4] [5] . One all-ceramic system is lithium disilicate glass ceramic (Li 2 Si 2 O 5 ), currently used for dental restorations for mainly dental crowns, bridges and veneers because of its excellent mechanical properties, longevity and esthetic characteristics [4] [5] [6] [7] [8] [9] [10] [11] . Lithium disilicate glass ceramic has superior optical properties by itself. Therefore, it requires only a staining procedure on the final contour to complete a more realistic tooth appearance. Alumina-or zirconia-based ceramic cores require additional porcelain layering for esthetic enhancement 5, 12 . Lithium disilicate based on SiO 2 -Li 2 O-K 2 O-Al 2 O 3 -P 2 O 5 systems, however, provide high-strength and machinable properties, and are widely used in the field of dental applications [13] [14] [15] .
Currently, studies of lithium disilicate glass ceramics have concentrated on the phase formation and crystallization of Li 2 Si 2 O 5 , as affected by variations of temperature during the heat treatment cycle and of minor compositional changes in the main glass composition. These factors influence the microstructure of the glass ceramic and consequently affect the properties of the final products. Previously, most of the phase formations and microstructures of lithium disilicate glass ceramic were mainly studied to achieve the high strength of final product rather than by means of on-process fabrication. Two main technologies extensively used to fabricate lithium disilicate glass ceramic were a computer-aided design/computer-aided manufacturing (CAD/CAM) technology and a hot pressing process. The CAD/CAM technology is quite practical for producing customized dental applications for patients from simply shaped blocks of materials 4, 15 . The CAD/CAM restorations are better-fitting, more durable and more natural looking (multi-colored and translucent, similar to natural teeth) than previously machined restorations. In addition, CAD/CAM technology has enabled dental clinicians to restore teeth using ceramic material in a single appointment 9 . Meanwhile, hot pressing technology, which most technicians are usually familiar with, demonstrates the ability to produce dental restorations effectively due to a wide variety of pressable and inexpensive ceramics that are available 1, 16 . This technique applies the lost wax technique under pressure. A ceramic ingot is heated and then forced under pressure into a wax-formed void.
In this work, lithium disilicate glass ceramics based on SiO 2 -Li 2 O-K 2 O-Al 2 O 3 -P 2 O 5 system were prepared and fabricated into dental crowns using the CAD/CAM and the hot pressing technologies. The factors such as an initial crystallization of the used ingots and the fabrication technique were investigated and discussed the effect on the phase formation and morphology of the glass ceramic.
MATERIALS AND METHODS

Glass Preparation
Lithium disilicate glass as reported by Monmaturapoj 17 with the composition of 62.0 wt% SiO 2 , 28.0 wt% Li 2 O, 1.0wt% K 2 O, 2.0 wt% Al 2 O 3 , 2.0 wt% P 2 O 5 , 3.0 wt% CaF 2 and 2.0 wt% MgO were produced using a conventional glass melting process. Each glass batch was prepared by fusion in platinum crucible at 1500ºC for 2 hours. The melted mixtures were quenched in cold water to make frit. The glass frit was milled before being re-melted for a homogenous reason at the same melting condition and then cast into a warm graphite mold (14 mm in diameter x 100 mm long). The graphite mold was then annealed in a furnace at 400ºC for 2 hours to reduce the internal stress in the glass.
Differential thermal analysis
A Netzsch thermal analysis (NETZSCH STA 449 F3, Germany) was used to determine Tg and Tc by heating to 1000ºC with a heating rate of 10ºC/min. Fine glass samples (6-10 µm) were analyzed under flowing nitrogen with a Pt crucible filled with alumina as reference, then heated together at the set up heating rate. The results were used as a guide for determining the heat treatment temperatures applied to induce crystallization.
Heat treatment
The glass rod was cut into several disks of ø14 mm × 5 mm long and then heat-treated in a furnace (Lenton Ltd., Hope Valley, UK). A one-stage heat treatment schedule was performed in which the glasses were heated to a nucleating temperature (e.g., 600ºC and 700°C) with a heating rate of 5ºC/min, held for 2 hours followed by furnace cooling with 5ºC/min to room temperature. Following heat treatment, samples were referred to as "pre-cerammed ingots". The samples after one-stage heat treatment at 600ºC (PI_600) and 700ºC (PI_700) were then used for machining by the CAD/CAM and the hot-pressing techniques.
X-ray diffraction analysis
X-ray diffraction (Rigaku TTRAX III) was used to analyze phase formation operating from 10º to 70º, 2Ө at a scan speed of 2° 2Ө /min and a step size of 0.02° 2Ө with CuKα radiation (Kα = 1.5406 nm) at 300 mA and 50 kV. The diffraction patterns with the ICDD (JCPDS) standard were used to identify the crystal structure of the samples.
Microstructure analysis
The microstructure of the glass ceramics was investigated by scanning electron microscopy (SEM: Hitachi S-3400N) and transmission electron microscopy (TEM: JEOL2010). After heat treatment, the samples for SEM analysis were polished using SiC paper and ultimately diamond paste and then edged by the chemical etching process with hydrofluoric acid (4%v) for 90 seconds and cleaned afterwards with a high frequency vibration. The samples were coated with gold by the ion sputtering device (JEOL JFC-1200) at a current generation of 15 mA for 200 seconds. For TEM samples, the ion slicer (JEOL EM-09100IS) was carried on thin samples (< 30 µm thin) operating at tilt angle 2.0-2.50º, 0.2-5.5 kV. Later on, the samples were thinned and further to carbon coat using the vacuum evaporator (JEOL JEE-4400). TEM (JEOL 2010) operating at accelerating voltage of 200 kV was used to analyze the morphology of the samples.
CAD/CAM method
The in-house developed 4-axis computer numerical controlled with high speed spindle was constructed (Dental mini CNC). Dental mini CNC was controlled by CAD/CAM software: PowerMILL 2011 (Delcam, UK). All axes and spindles were driven by fully automated computer-controlled grinding machine which could be operated at 5,000-50,000 rpm with maximum X, Y and Z feed speed of 2,000 mm/min. The parameters such as spindle speed, feed rate, depth of cut and side stepping were optimized to obtain a smooth sample with acceptable surface roughness at minimum machining time as summarized in Table 1 . The pre-cerammed ingot was clamped on machine base of the Dental mini CNC to be grinded as a dental crown by the diamond sinter tool with ball node size Ø 3 mm (grit size No.100) and Ø 2 mm (grit size No.200) supplied by Varenkor. Machining time was varied from approximately 3 to 30 min. A post-grinding heat treatment was operated at 800ºC for 2 hours to obtain full density and increased strength of the samples. 
Hot pressing technology
In this process, the wax coping of the restorations were invested in a refractory material, which was preheated at 850ºC to remove wax for creating a mold of the restoration. Then the investment was transferred to the hot pressing furnace: Programat EP 3000G2 (Invacare Vivadent Technical). When the glass ceramic ingot has turned into viscous material, it is pressed into the mold at 900ºC. Pressing profiles were performed on the samples at 900ºC according to the instruction for use of the machine for pressing a high translucent (HT) glass ceramic which was recommended by the manufacturer. After cooling, the investment material was removed from the glass ceramic restoration by blasting.
RESULTS AND DISCUSSION
The appearance of samples after fabrication
The glass ceramics (PI_600 and PI_700) can be fabricated into the crowns of the first molar teeth by the hot pressing technique and the CAD/CAM method incisor teeth by the as shown in Fig. 1 . These images show the appearances of the samples before a staining procedure on the final contour to complete a realistic tooth appearance. However, this could be implied that the pre-cerammed ingots heat-treated at both temperatures (600ºC and 700ºC) obtained not too hard and too soft material to fabricate by both techniques particularly for the CAD/CAM method. Form this result, it can be concluded that the lithium disilicate glass based on this composition can be successfully fabricated into the dental crowns by both the hot pressing and the CAD/CAM techniques. In general, lithium disilicate based glass composition at the same heat treatment temperature could be formed into the dental crowns by either one of the fabricating techniques.
Differential thermal analysis
The DTA traces of the glass in Fig. 2 show the exothermic and endothermic anomalies for the studied glass attributed to either the glass transition (Tg) or crystallization temperatures (Tc). Three exothermic peaks were observed, firstly, a small peak at about 650ºC and two broadening peaks at 770ºC and 885ºC. Schweiger 18 suggested that the first crystallization of SiO 2 -Li 2 O system at 589ºC corresponds to Li 2 SiO 3 and the second crystallization peak at 770ºC associates to Li 2 Si 2 O 5 . The first and second crystallization temperatures of Li 2 O-Al 2 O 3 -SiO 2 system in this study were at a higher temperature than the stoichiometric composition. This might be because of the addition of P 2 O 5 and CaF 2 into glass composition. Then, the third exothermic peak was observed which could be associated to the crystallization of fluorapatite, Li 3 PO 4 and aluminosilicate as the minor crystallization in the system. Although it is difficult to identify the exothermic peaks related to these minor phases, however it could be the guide for selecting the heat treatment and pressing temperatures. 
Phase formation
The phase formations of the glass samples and were analyzed by XRD as presented in Fig. 3 . XRD pattern reveals that the as-cast glass obtained an amorphous phase consistent with the appearance of this glass which looked clear implying that no phase-separation occurred in this glass. After heat , Zn + and Al 3+ stabilized β-quartz until it did not transform into the low-quartz-solid-solution during the process of cooling down to room temperature 19 . The virgilite formation was due to the slow reaction rates in the Li 2 O-Al 2 O 3 -SiO 2 system, which needed high pressure and temperature. At that point, the reaction rate could be improved by the presence of Fe, alkalis, and volatiles to promote the formation of virgilite at lower pressure within its stability field 20 . After the hot-pressing using different pre-cerammed ingots, the phase formations of the samples reveal by XRD patterns as shown in Fig. 4 . For PI_600, the crystal structures of lithium disilicate (Li 2 Si 2 O 5 ), lithium phosphate (Li 3 PO 4 ), SiO 2 : high quartz (2θ = 20.26º), virgilite (2θ = 25.88º) and fluorapatite (Ca 5 (PO 4 ) 3 F) were indexed. A similar phase formation also found when pressing the PI_700 ingots. With increasing heat treatment temperatures, the intensity of all crystal peaks was slightly higher. Similarly, XRD patterns in Fig. 5 reveal the same phase formations of the samples fabricated by the CAD/CAM method using different pre-cerammed ingots than that of the samples produced by the hot pressing process in which the crystals of lithium disilicate (Li 2 Si 2 O 5 ), lithium phosphate (Li 3 PO 4 ), SiO 2 : high quartz (2θ = 20.26º), virgilite (2θ = 25.88º) and fluorapatite (Ca 5 (PO 4 ) 3 F) were observed. No significant difference in the phase formation between PI_600 and PI_700 samples after grinding could be seen. Considerably, no crystals of Li 2 SiO 3 could be indexed in samples after fabrication by both techniques. This could be explained by lithium metasilicate (Li 2 SiO 3 ) being transformed into a durable lithium disilicate (Li 2 Si 2 O 5 ) glass ceramic when the crystallization process is higher than 800 °C as a result of improving the chemical durability of the material and impart the tooth-like optical properties 21 . This can be confirmed that there is not any major difference in phase formation between different fabrication techniques and pre-crystallization of the samples after processing. The microstructure of pre-cerammed ingots shown in Fig. 6 reveals the spherical shaped crystals of both Li 2 SiO 3 and Li 3 PO 4 occurred at 600ºC followed by the appearance of needle-like crystals or plate-like crystals of Li 2 Si 2 O 5 in a glassy matrix at 700ºC, 800ºC and 900ºC. This needle-like crystal looked very long (~1-3 µm) with a narrow diameter. The higher the temperature of heat treatment, the larger the aspect ratio and greater interlocking of the needle-like crystal was observed. The microstructure at 900ºC obtained the largest needle-like crystals compared to other heat treatment temperatures (~20 µm). This morphology could be confirmed by TEM images illustrated in Fig. 7 . TEM images established the appearance of Li 2 SiO 3 , Li 3 PO 4 , high quartz SiO 2 and virgilite as small spherical shaped crystals which developed to be needle-like crystals after being heat treated at higher temperatures. The largest needle-like crystals obtained in samples after heat treatment at 900ºC as shown by SEM and therefore TEM images were not required in this sample. However, it is still difficult to identify the crystals of high quartz SiO 2 and virgilite as small spherical shaped crystals which had a similar shape to Li 2 SiO 3 and Li 3 PO 4 crystals. By TEM image, however, it is possible to confirm the existence of these phases. SEM images, Fig. 8(a-1) and 8(a-2) illustrate the morphology of the samples after hot pressing using PI_600 and PI_700 ingots, respectively. Both samples exhibited the non-uniform size and random lathe-like crystals of f Li 2 Si 2 O 5 oriented in a residual glassy matrix. This was consistent with the XRD patterns. The higher the heat-treated temperatures, the longer the lathe-like crystals (2-10 µm) appeared in the samples. In comparison of microstructure, longer need-like crystals found after pressing compared to that of before pressing due to a shortened time during the crystallization step and the process of crystallization takes place in a different stage leading to the finer and shorter needle-like crystals. The appearance of finer needle-like crystals of Li 2 Si 2 O 5 (~1-3 µm) in a glassy matrix was the discrepancy of morphology found in the samples after being fabricated by the CAD/CAM technique, as shown in Fig. 8b . This could be the result of the different heating profile causing the different stage of crystal formation during fabrication between these two fabrication techniques. The differences in morphology could lead to the differences in the mechanical properties of the samples. It was reported that the finer the microstructure, the more twisted the path for fracture, therefore, the higher the fracture toughness 22 . It can be concluded that the fabrication technique plays an important role to produce a superior final product. Therefore, it needs to carefully select the fabrication method for producing the dental crowns to be suitable for each type of lithium disilicate glass ceramic. However, the mechanical strength of llithium disilicate glass ceramic from both techniques still meets the requirements for being used as dental crowns. 
